Energy efficient engine program contributions to aircraft fuel conservation by Batterton, P. G.
NASA Technical Memorandum 83741 
1' 
I' 
3 
Energy Efficient Engine Program 
Contributions to Aircraft 
Fuel Conservation 
Peter G. Batterton 
Lewis Research Center 
Cleveland, Ohio 
Prepared for the 
Aviation Fuel Conservation Symposium 
sponsored by the Federal Aviation Administration 
Washington, D.C., September 10-1 1,  1984 
https://ntrs.nasa.gov/search.jsp?R=19840021807 2020-03-20T22:47:16+00:00Z
ENERGY EFFICIENT ENGINE PROGRAM CONTRIBUTIONS 
TO AIRCRAFT FUEL CONSERVATION 
by Peter G. Batterton 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 
(0 cv cv cv 
I 
~ 
~ w 
BACKGROUND 
Because o f  t h e  1973 OPEC o i l  embargo, t h e  p r i c e  o f  j e t  
f u e l  n e a r l y  t r i p l e d  and the  Energy Crisis s ta r ted .  During the  
n e x t  coup le  o f  years, NASA performed s e v e r a l  s t u d i e s  t o  
e s t a b l i s h  e n e r g y / t r a n s p o r t a t l o n  research programs t o  
s u b s t a n t i a l l y  reduce  f u e l  consumption by t r a n s p o r t  a i r c r a f t .  
One such  program was t h e  JT8D-Refan Progran .  I n  Janua ry  1975, 
however, N A S A  was s p e c i f i c a l l y  r e q u e s t e d  by t h e  S e n a t e  
Committee on A e r o n a u t i c a l  and Space S c i e n c e s  t o  e s t t b l i s h  a 
r e s e a r c h  program t h a t  would have t h e  r e d u c t - o n  of  f u t u r e  
a i r c r a f t  f u e l  consumption as I t s  prime o b j e c t i v e .  N A S A  
assembled a t a s k  f o r c e  c o n s i s t i n g  of  N A S A ,  Department of  
T r a n s p o r t a t i o n ,  F e d e r a l  Av ia t ion  A d m i n i s t r a t i o n ,  and t h e  
Department of Defense w i t h  a s s i s t a n c e  from eng ine  and airframe 
m a n u f a c t u r e r s ,  a i r l i n e s  and several a d v i s o r y  boards .  The t a s k  
f o r c e  produced a r e p o r t  o u t l i n i n g  t h i s  p l a n  which was c a l l e d  
t he  Aircraf t  Energy E f f i c i e n c y  (ACEE)  progrsm (see Refe rence  1 
f o r  a n  overv iew o f  t he  e n t i r e  ACEE Program).  
The s i x  b a s i c  elements of t h e  p l a n  a r e  shown i n  F i g u r e  
1. O f  these  s i x ,  t h r ee  a re  airframe related and three  are 
p r o p u l s i o n  re la ted .  The t h r e e  airframe e lemen t s  were 
composi te  s t r u c t u r e s  f o r  l i g h t e r  weight,  t h e  Energy E f f i c i e n t  
T r a n s p o r t  w i t h  advanced aerodynamics and  a c t i v e  c o n t r o l s  f o r  
b o t h  weight  and d r a g  r e d u c t i o n ,  and l a m i n a r  f low c o n t r o l  f o r  
drag r e d u c t i o n .  The th ree  p r o p u l s i o n  e l emen t s  were Engine 
Component Improvement, a n e a r  term program t o  improve 
e f f i c i e n c y  and i d e n t i f y  s o u r c e s  of d e t e r i o r a t i o n  i n  t h e n  
p r o d u c t i o n  eng ines ;  the  Energy E f f i c i e n t  Engine,  a l a te  1 9 8 0 r s  
advanced technology t u r b o f a n  and s u b j e c t  of t h i s  p r e s e n t a t i o n ;  
and t h e  Advanced Turboprop, w i t h  t h e  greatest  f u e l  s a v i n g s  
p o t e n t i a l  bu t  a much h igher  r i s k  e f f o r t .  The t o t a l  program 
g o a l  was t o  e s t a b l i s h  technology f o r  a 50% f u e l  r e d u c t i o n  f o r  
t r a n s p o r t  a i r c r a f t  by  1985. The p l a n  was approved by t h e  
S e n a t e  i n  November of 1975. 
The Energy E f f i c i e n t  Engine ( E E E )  used f u e l  e f f i c i e n c y  as 
a prime o b j e c t i v e  b u t  a l s o  f a c t o r e d  i n  d i r e c t  o p e r a t i n g  c o s t  
and env i ronmen ta l  a c c e p t a b i l i t y .  The EEE would be a !'clean 
s h e e t  of paper r r  d e s i g n  w i t h  1985 b e i n g  t h e  target  date  f o r  
i n t r o d u c t i o n .  The main o b j e c t i v e s  of t h e  EEE program were: 
- A t  l e a s t  1 2  p e r c e n t  r e d u c t i o n  i n  s p e c i f i c  f u e l  
consumption w i t h  a t  l eas t  a 50 p e r c e n t  r e d u c t i o n  i n  
performance d e t e r i o r a t i o n  ra te  
- Improve d i r e c t  o p e r a t i n g  c o s t s  by a t  l ea s t  5 p e r c e n t  
- Meet f u t u r e  env i ronmen ta l  r e g u l a t i o n s  such  as the 
FAA 1978 FAR-36 n o i s e  and EPA 1981 e r i s s i o n s  s t a n d a r d s  
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F i g u r e  2 shows t h e  program s c h e d u l e  as it is  u l t i m a t e l y  
b e i n g  completed,  b u t  I t  can be u s e d  t o  g e n e r a l l y  o u t l i n e  the  
program. The program is  p r i m a r i l y  a $200+M c o n t r a c t e d  e f f o r t  
w l t h  bo th  Genera l  E l e c t r i c  and P r a t t  & Whitney o r i g i n a l l y  
h a v i n g  e s s e n t i a l l y  p a r a l l e l  c o n t r a c t s .  
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The program c o n s i s t e d  of  three main a c t i v i t i e s .  These 
were P r o p u l s i o n  S y s t e m  D e f  i n i t i o n ,  Component T e c h n o l o g i e s ,  and 
Systems I n t e g r a t i o n .  P r o p u l s i o n  Sys tem D e f i n i t i o n  implemented 
the o r i g i n a l  " c l e a n  sheet" d e s i g n  of a p a p e r  eng ine ,  
references 2 and 3 .  The a c t i v i t y  d e f i n e d  the o v e r a l l  e n g i n e  
c y c l e  and the  t e c h n o l o g i e s  r e q u i r e d  t o  a c h i e v e  it. These 
p a p e r  e n g i n e s ,  c a l l ed  F l i g h t  P r o p u l s i o n  Systems (FPS) were t o  
r e p r e s e n t  t he  f u l l y  developed,  p r o d u c t i o n  v e r s i o n s  of t he  
EEE. As component t e c h n o l o g i e s  and t e s t  r e s u l t s  became 
a v a i l a b l e  from t h e  rest of the e f f o r t ,  these FPS p r o p u l s i o n  
sys t ems  were updated  and new per formance  and f u e l  b e n e f i t s  
c a l c u l a t e d .  
The most a g g r e s s i v e  t e c h n o l o g i e s  i d e n t  i f  l e d  i n  t h e  
I n i t i a l  FPS d e s i g n  were developed d u r i n g  t h e  Component 
Technology e f f o r t .  The t e c h n o l o g i e s  were e v a l u a t e d  th rough  
s u b - s c a l e  and f u l l - s c a l e  r i g  tes ts  f o r  v e r i f i c a t i o n .  
The System I n t e g r a t i o n  invo lved  both  c o r e  and i n t e g r a t e d  
co re / low s p o o l  t u r b o f a n  engine  t e s t i n g .  By hav ing  t h i s  
e l e m e n t ,  it was p o s s i b l e  t o  e v a l u a t e  the i n t e r a c t i o n s  and t h e  
o p e r a b i l i t y  of the advanced technology components i n  a 
comple t e  s y s t e m .  
Completion of a l l  component and sys tem a c t i v i t i e s  coupled 
w i t h  t h e  f i n a l  upda te  of t h e  FPS computer models would d e f i n e  
t he  a c t u a l  l e v e l  of f u e l  s a v i n g s  achievement  of the  EEE. 
Technology r e a d i n e s s  was provided  by the t e s t i n g  and it was 
t h e n  up t o  i n d u s t r y  t o  i n c o r p o r a t e  t h i s  t echnology i n t o  
p r o d u c t i o n  e n g i n e s .  
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A s  mentioned, t h e s e  were o r i g i n a l l y  e s s e n t i a l l y  p a r a l l e l  
c o n t r a c t s .  In  1982, fund ing  f o r  EEE was reduced  and the 
program had t o  be descoped by a b o u t  $lgM. Genera l  E l e c t r i c ,  
however, was w e l l  a l o n g  and the v a s t  m a j o r i t y  o f  t h e i r  sys t ems  . 
i n t e g r a t i o n  c o s t s  had a l r e a d y  been a c c r u e d .  It  was t h e r e f o r e  
decided t o  complete  t h e  Genera l  E l e c t r i c  program and t e r m i n a t e  
t he  System I n t e g r a t i o n  e f f o r t  i n  t he  P r a t t  8 Whitney program. 
Later i n  1982 and  1983 some of  t h e  f u n d i n g  was r e s t o r e d  t o  b e  
used as tvseedtl money f o r  a fo l low-on t o  t h e  EEE. A s  a r e s u l t ,  
t h e  component t echno logy  a c t i v i t i e s  have been expanded f o r  
b o t h  c o n t r a c t o r s .  These e f f o r t s  p r i m a r i l y  i n c l u d e  s h r o u d l e s s ,  
ho l low f a n  technology and a d d i t i o n a l  t e s t i n g  of  t h e  EEE 
compressors .  A t  t h i s  time, no f u n d i n g  f o r  a fol low-on 
t u r b o f a n  program a p p e a r s  a v a i l a b l e  and t h e  t echno logy  e f f o r t s  
w i l l  be ending  i n  1985. 
F i g u r e s  3 and 4 are cut-away t y p e  drawinge of  t h e  two EEE 
FPS e n g i n e s .  F i g u r e  3 i s  t h e  Genera l  E l e c t r i c  EEE which 
c o n s i s t s  of a s i n g l e  s tage f a n  and q u a r t e r  s tage open b o o s t e r  
d r i v e n  by a f i v e - s t a g e  low p r e s s u r e  t u r b i n e ;  a c o r e  c o n s i s t i n g  
of a 10-stage 23 : l  p r e s s u r e  r a t i o  h i g h  p r e s s u r e  compressor ,  
d u a l  a n n u l a r  combustor f o r  low e m i s s i o n s ,  and two-s tage  h igh  
p r e s s u r e  t u r b i n e ;  d a i s y - t y p e  mixer ;  and  l o n g  d u c t  n a c e l l e .  I n  
a d d i t i o n ,  an  e l e c t r o n i c  e n g i n e  mounted f u e l  c o n t r o l ,  Kev la r  
f a n  conta inment ,  and b u l k  a c o u s t i c  t r e a t m e n t  are  a l l  u s e d .  
The f a n  uses w i d e  r o t o r  and s t a t o r  s p a c i n g  f c r  reduced  n o i s e .  
F i g u r e  4 i s  t h e  P r a t t  & Whitney EEE FPS which c o n s i s t s  of 
a s i n g l e - s t a g e  f a n  and f o u r - s t a g e  low p r e s s u r e  compressor  
I 4 
d r i v e n  by a f i v e - s t a g e  low p r e s s u r e  t u r b i n e ;  a c o r e  c o n s i s t i n g  
of  a 10-stage 1 4 : l  p ressure  r a t i o  high p r e s s u r e  compressor ,  
two zone low emiss ion  combustor,  and s i n g l e - s t a g e  high 
p r e s s u r e  t u r b i n e ;  a d a i s y - t y p e  mixer ;  and l o n g  d u c t  n a c e l l e .  
Although t h e  c o n f i g u r a t i o n s  o f  t h e  two e n g i n e s  are 
d i f f e r e n t ,  t h e  c y c l e s  a r e  q u i t e  s imilar  w i t h  ~ 3 8 : i  o v e r a l l  
p r e s s u r e  r a t i o ,  ru1350°C (2450 OF) t u r b i n e  r o t o r  i n l e t  
t e m p e r a t u r e ,  and r u 6 . 8 : 1  bypass  r a t i o .  
These two rrpaperrr eng ines  r e a l l y  r e p r e s e n t  t h e  o u t p u t  of  
t h e  EEE program w i t h  t h e i r  component performance and 
t echno logy  assumpt ions  proven by t h e  EEE t e s t i n g .  
MAJOR TECHNOLOGY DEVEL9PMENTS FOR FUEL EFFICIENCY 
Because t he  s u b j e c t  i s  p r i m a r i l y  f u e l  e f f i c i e n c y ,  on ly  
t h o s e  t e c h n o l o g i e s  which c o n t r i b u t e d  s i g n i f i c a n t l y  t o  reduced  
f u e l  consumption have been s e l e c t e d  f o r  t h i s  review.  F u l l  
d e s c r i p t i o n  of  t h e  EEE w i l l  b e  a v a i l a b l e  when t h e  f i n a l  
r e p o r t s  f o r  t h e  c o n t r a c t s  are completed.  
Fan 
H i g h l i g h t e d  i n  f i g u r e  5 i s  t h e  Genera l  E l e c t r i c  EEE f a n  
-
( ref .  4 ) .  T h i s  s i n g l e - s t a g e  f a n  c o n s i s t s  of 32 low aspect 
r a t i o  b l a d e s  f o l l o w  by a q u a r t e r - s t a g e  b o o s t e r  f o r . t h e  c o r e .  
The d e s i g n  bypass  r a t i o  i s  6.8 a t  a 1.65 pressure r a t i o  and 
400 m/sec (1315 f t / s e c )  t i p  speed. Fue l  e f f i c i e n c y  
t e c h n o l o g i e s  i n c l u d e  t h e  reduced  number o f  b l a d e s  w i t h  .55 
span ,  af t -mounted dampers t o  r educe  l o s s e s .  The q u a r t e r  s t a g e  
b o o s t e r  ach ieved  a 1.67 p r e s s u r e  r a t i o  f o r  t h e  c o r e  w i t h  
5 
modera te  hub l o a d i n g .  The r e s u l t  was a f a n  w i t h  89.2 p e r c e n t  
bypass  and 89.5 p e r c e n t  c o r e  e f f i c i e n c i e s .  
The q u a r t e r - s t a g e  open b o o s t e r  a l s o  p rov ided  a second 
f u e l  s a v i n g s  t echno logy  which i s  a c e n t r i f u g a l  c l e a n i n g  a c t i o n  
on t h e  c o r e  flow. With t h i s  d e s i g n ,  most d u s t  and d i r t  are 
thrown outward and n o t  i n g e s t e d  by t h e  c o r e .  Th i s  g r e a t l y  
r educes  f o r e i g n  o b J e c t  i n g e s t i o n  and t h u s  e r a s i o n  e f f e c t s  on 
t h e  compressor blade l e a d i n g  edges .  
F i n a l l y ,  a n  i n t e g r a l  vane-frame w i t h  wide s p a c i n g  between 
the  r o t o r  and s t a t o r  vanes  was used  f o r  r e d u s e d  weight and 
reduced  n o i s e  g e n e r a t i o n .  
b e t t e r  a c t i v e  and p a s s i v e  t i p  c l e a r a n c e  c o n t r o l .  S i g n i f i c a n t  
g a i n s  were made on t i p  c l e a r a n c e  c o n t r o l  by u s i n g  a s h o r t  
s t i f f  c o r e  des ign .  The s h o r t e r  compressors  were o b t a i n e d  by 
p r o v i d i n g  h i g h e r  p r e s s u r e  r a t i o  p e r  s t a g e  t h e r e b y  r e d u c i n g  t h e  
t o t a l  number of s t a g e s .  The Genera l  E l e c t r i c  approach ,  
r e f e r e n c e  4 ,  shown on t h e  l e f t  s i d e  o f  f i g u r e  6, i s  a 10 - s t age  
2 3 : l  p r e s s u r e  r a t i o  d e s i g n .  T h i s  h i g h  p r e s s u r e  r a t i o  was 
ach ieved  through h i g h  s p e e d  rather t h a n  h igh  l o a d i n g .  Endwall  
c o n t o u r i n g  was used t o  minimize wa l l  l o s s e s .  To a v o i d  
problems of comparing e f f i c i e n c i e s  f o r  compressors  w i t h  
d i f f e r e n t  p r e s s u r e  r a t i o s ,  p o l y t r o p i c  e f f i c i e n c y  i s  quo ted .  
For t h i s  compressor ,  a 90.5 p e r c e n t  p o l y t r o p i c  e f f i c i e n c y  was 
o b t a i n e d .  For improved d u r a b i l i t y ,  t h e  f r o n t  s t a g e s  u s e  a 
6 
~ . 
Compressors 
Shown i n  f i g u r e  6 are bo th  h i g h  pressure compressors .  
One of  the f u e l  s a v i n g  t e c h n o l o g i e s  f o r  t h e  EEE i s  t o  p r o v i d e  
low aspect ratio blade design improving foreign object 
ingestion tolerance. 
On the right in figure 6, is the Pratt & Whitney 10-stage 
14:l pressure ratlo compressor, reference 5. This highly 
loaded compressor uses advanced aerodynamics and controlled 
diffusion airfoils for a very high 91.5 percent polytropic 
efficiency. It uses only half the number of blades of the 
existing JTgD engines. Eliptic leading edges were used for 
improved erosion resistance. This compressor is lower in 
pressure ratio so that it could be driven by a single-stage 
turbine. 
Both compressors use active clearance control on the last 
several stages. The active clearance control was used to 
minimize clearances during cruise, maximizing efficiency, but 
would allow maximum clearance during take-off to reduce 
chances for tip wear, reference 6. This helps maintain their 
high efficiency over the life of an engine. 
Tur b ine s 
The EEE represented Pratt & Whitney's first opportunity 
to use a single-stage high pressure turbine, reference 5. The 
main features of this turbine are shown in figure 7. This 
turbine used advanced transonic aerodynamics to yield a high 
efficiency design for a single stage of 88.5 percent. This 
high efficiency coupled with the reduced weight and parts 
count had a significant lmpact on reducing direct operating 
cost for the Pratt & Whitney EEE. To permit higher 
temperatures with reduced cooling, single crystal airfoils and 
ceramic  coa ted  o u t e r  a i r  sea ls  were used .  Ac t ive  c l e a r a n c e  
c o n t r o l  was a l s o  used t o  m a i n t a i n  t i g h t  c l e a r a n c e s  f o r  t h e  
c r u i s e  p o r t i o n  of o p e r a t i o n .  
Not shown is the  Genera l  E l e c t r i c  two-stage high pressure 
t u r b i n e  which a c h i e v e d  a 92.5 p e r c e n t  e f f i c i e n c y .  Ceramic t i p  
s ea l s ,  a c t i v e  c l e a r a n c e  c o n t r o l  and advanced aerodynamics were 
used t o  a c h i e v e  t h i s  h igh  e f f i c i e n c y .  
Both low p r e s s u r e  t u r b i n e s  used advanced aerodynamics and 
a c t i v e  c l e a r a n c e  c o n t r o l  t o  a c h i e v e  high e f f i c i e n c i e s .  
I n  summary, f o r  a l l  t h e  t u r b i n e s ,  a t  l eas t  one p o i n t  
improvement i n  e f f i c i e n c y  was o b t a i n e d  o v e r  mid 1970 ' s  
t echno logy .  
Mixers 
Both EEE e n g i n e s  used m i x e r s  and l o n g  duc t  n a c e l l e s ,  
r e f e r e n c e s  5 and 7. I n  both c a s e s  t h e  m i x e r s  c o n t r i b u t e d  
a b o u t  1 / 5  of  t h e  t o t a l  f u e l  s a v i n g s  b e n e f i t s  f o r  t he  EEE. 
Both E E E ' s  l lda lsy- type l l  exhaus t  gas  mixers are shown i n  a s i d e  
view i n  t h e  upper l e f t  of f i g u r e  8 ,  G e n e r a l  E l e c t r i c ' s  
r e f e r e n c e  8, i s  t h e  upper  and P r a t t  & Whi tney ' s  I s  t h e  lower.  
The upper  r i g h t  of f i g u r e  8 shows t h e  p r o g r e s s i o n  of m i x e r  
e x p e r i e n c e  from t h e  a 1:l bypass e n g i n e  th rough  a ser ies  of 
th ree  model t es t s .  I n  t h e  end, bo th  m i x e r  des:gns p rov ided  
a b o u t  t h e  same b e n e f i t .  For  -7:l  bypass  r a t i o  t u r b o f a n  
e n g i n e s ,  these m i x e r s  p r o v i d e  abou t  3 p e r c e n t  f u e l  s a v i n g s  
benef  i t .  
The bottom l e f t  s e c t i o n  of f i g u r e  8 g i v e s  t he  o v e r a l l  
d e s i g n  c h a r a c t e r i s t i c s  f o r  both m i x e r  d e s i g n s .  Both a re  
8 
s c a l l o p e d  1 8  l o b e  d e s i g n s .  The main d i f f e r e n c e  is the  
p e n e t r a t i o n  of t h e  l o b e s  i n t o  t h e  f a n  s t r e a n .  Higher 
p e n e t r a t i o n  y i e l d s  b e t t e r  mixing b u t  a l s o  higher p r e s s u r e  
l o s s e s .  
Exhaust  gas mixers  r e q u i r e  t he  u s e  of long d u c t  
n a c e l l e s .  Nacelle l o c a t i o n s  were e v a l u a t e d  i n  model tests 
where i n s t a l l a t i o n s  w i t h  a n e t  b e n e f i t  were found t h e r e b y  
a v o i d i n g  t h e  p e n a l t y  normally a s s o c i a t e d  w i t h  such n a c e l l e s .  
INTEGRATED SYSTEM EVALUATION 
A s  s t a t ed  ea r l i e r  t h e  Genera l  E l e c t r i c  c o n t r a c t  was not  
t e r m i n a t e d  when f u n d i n g  was c u t  back. T h e r e f o r e ,  Genera l  
E l e c t r i c ' s  EEE went th rough t h e  s y s t e m s  i n t e g r a t i o n  e v a l u a t i o n  
which i n c l u d e d  both  c o r e  eng ine  t e s t s  and f u l l y  I n t e g r a t e d  
c o r e  and low s p o o l  ( ICLS)  t u r b o f a n  t e s t s .  These eng ine  
c o n f i g u r a t i o n s  had f u l l  aerodynamic e q u i v a l e n c y  w i t h  t h e i r  
c o r r e s p o n d i n g  p a r t s  of the EEE FPS. The hardware was a l s o  
f l i g h t  weight  i n  t h e  gas pa th  bu t  o t h e r  hardware such as 
e n g i n e  c a s e s ,  gearbox,  e t c . ,  was b o i l e r p l a t e .  Also,  f o r  t h e  
t u r b o f a n  c o n f i g u r a t i o n ,  a bell-mouth i n l e t  was used f o r  t h e  
ground t e s t  and the  n a c e l l e  had on ly  i n t e r i o r  aerodynamic 
s u r f a c e s .  
F i g u r e  9 i s  a photograph of t he  t u r b o f a n  eng ine  I n  t h e  
t e s t  s t a n d  a t  Genera l  E l e c t r i c ' s  Peebles ,  Ohio, t es t  s i t e .  
A l l  t he  f u e l  s a v i n g  component t e c h n o l o g i e s  were i n c l u d e d  i n  
t h i s  e n g i n e  and e x e r c i s e d  d u r i n g  the  ground t e s t i n g .  While on 
t e s t ,  t h i s  un ique  eng ine  achieved  ove r  162,360 N (36,500 l b f )  
t h r u s t .  When the  eng ine  d a t a  i s  c o r r e c t e d  f o r  i n s t a l l a t i o n ,  
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instrumentation, and flight vs. ground effects, the research 
engine is projected to have a cruise specific fuel consumption 
of 0.056 kg/hr-N (.55 lbm/hr-lbf), uninstalled. Corrected for 
installation, the projected cruise specific fuel consumption 
would be 13.5 percent better than the baseline average 
production CF6-50C. That would make this set of research 
hardware the world's most fuel efficient turbofan engine. 
F U E L  SAVINGS SUMMARY 
Figure 10 summarizes the results of the program. If all 
the EEE technologies were applied to a new engine and the 
cycle and configuration of that engine optimized for today's 
$0.264/liter ($l.OO/gallon) fuel prices, the benefits of the 
EEE would be 17-19% in fuel savings. If the commercial fleet 
could obtain half this benefit, it would translate in to 
nearly 4 billion liters (1 billion gallons) of jet fuel saved 
each year. (Currently more than 38 billion liters (10 billion 
gallons) of jet fuel are burned each year.) 
reduction in direct operating cost would also be realized 
A ten percent 
along with acoustic and environmental improvements. 
The fuel savings are achieved through the four main areas 
shown in the pie chart in figure 10. Improved components 
using advanced aerodynauics, active clearar.2.e control, reduced 
gas-path leakage, higher temperature materials, and reduced 
cooling flows account for about half of the fuel savings. The 
higher pressure, temperature, and bypass ratio cycle accounts 
for approximately a quarter of the benefit. The efficient 
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m i x e d  f low exhaust  a c c o u n t s  f o r  abou t  a f i f t h  and t h e  improved 
n a c e l l e  i n s t a l l a t i o n ,  the  remainder .  
TECHNOLOGY APPLICATION 
A s  t h e  EEE program was p r o g r e s s i n g ,  b o t h  General E l e c t r i c  
and  P r a t t  & Whitney saw immediate b e n e f i t  f o r  t h e  EEE 
t echno logy .  So even b e f o r e  t h e  EEE c o n t r a c t s  are o f f i c i a l l y  
comple te ,  w e  f i n d  a p p l i c a t i o n  of t h e  EEE t e c h n o l o g i e s  
o c c u r i n g .  Without g e t t i n g  i n t o  s p e c i f i c  d e t a i l s ,  f i g u r e  11 
i n d i c a t e s  t h e  numbers of technology a p p l i c a t i o n s  as a p p l i e d  t o  
new and d e r i v a t i v e  h igh  bypass t u r b o f a n s  of both companies. 
What c o u n t s  as a technology f o r  f i g u r e  11 would be items l i k e  
f a n  and compressor  t i p  t r e n c h e s ,  h igh  compressor  b l a d e  
l o a d i n g ,  improved compressor  aerodynamic d e s i g n  t o o l s ,  
compressor  vane uncambering a t  endwa l l s ,  e t c .  T a b l e s  I and  I1 
p r o v i d e  t h e  complete  l i s t  t h a t  went i n t o  f i g u r e  11. 
I t  can be c la imed % h a t  approx ima te ly  half  of the f u e l  
s a v i n g s  b e n e f i t s  of t h e  PW2037 are a t t r i b u t a b l e  t o  t h e  EEE 
program. A s  bo th  companies deve lop  e n g i n e s  such  as t h e  PW4000 
and t h e  CF6-80C2, s u b s t a n t i a l  p o r t i o n s  of t h e i r  f u e l  s a v i n g s  
b e n e f i t s  can be a t t r i b u t e d  t o  t echno logy  developments  
i n i t i a t e d  by t h e  EEE. Genera l  E l e c t r i c  has a l s o  i d e n t i f i e d  a 
s u b s t a n t i a l  number of t e c h n o l o g i e s  t h a t  are a p p r o p r i a t e  f o r  
t h e i r  m i l i t a r y  p r o d u c t s  and are  i n c o r p o r a t i n g  them. 
THE FUTURE 
When funds  were r e s t o r e d  i n  1983, it was dec ided  t o  u s e  
some of t h e  funds  t o  e v a l u a t e  t u r b o f a n  eng ine  t e c h n o l o g i e s  and 
c y c l e s  of t h e  f u t u r e  b u i l d i n g  upon t h e  EEE. The s t u d i e s  would 
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have  an  o u t p u t  similar t o  t h e  i n i t i a l  EEE s t u d y ,  t h a t  i s  a 
d e f i n i t i o n  of a complete  t u r b o f a n  p r o p u l s i o n  s y s t e m ,  bu t  f o r  
t h e  y e a r s  2000-2010. The s t u d i e s  would t r y  t o  answer i f  
t u r b o f a n  technology I s  an area of f ~ d i m i n l s h i n g  r e t u r n s "  and, 
i f  n o t ,  e s t a b l i s h  t h e  b a s i s  f o r  a fol low-on program a f t e r  EEE. 
F i g u r e  1 2  I s  t h e  r e s u l t  of t he  Prat t  & Whitney s t u d y  
c a l l e d  t h e  "Target Engine".  P r a t t  & Whitney used t echno logy  
e x t r a p o l a t i o n s  and l i m i t e d  p a r a m e t r i c  c y c l e  ma lyses  t o  a r r i v e  
a t  t h i s  c o n c e p t u a l  eng ine .  The T a r g e t  Engine has  a 
g e a r - d r i v e n  swept b l a d e  N 1 2 : l  bypass  r a t i o  f a n  and s e p a r a t e  
f low e x h a u s t .  ( A  m i x e r  b e n e f i t  a t  rn 1 2 :  1 bypass  r a t i o  cou ld  
n o t  be i d e n t i f i e d . )  The o t h e r  major impact  i s  t h e  h i g h ,  
~ 6 0 : 1 ,  c y c l e  p r e s s u r e  r a t i o  which r e q u i r e s  small and h i g h  
t e m p e r a t u r e  rear s t a g e s  of t he  h i g h  p r e s s u r e  compressor .  
Because of t h e  Improved ( approx ima te ly  one p o i n t  p o l y t r o p i c )  
compressor  e f f i c i e n c y ,  on ly  a modest r i se  i n  t u r b i n e  r o t o r  
i n l e t  t empera tu re  of approx ima te ly  one hundred d e g r e e s  is 
r e q u i r e d .  
The b a s i c  t e c h n o l o g i e s  r e q u i r e d  are advanced,  c o n t r o l l e d  
d i f f u s i o n ,  h i g h e r  e f f i c i e n c y  compressor ;  low p r e s s u r e  drop  
d i f f u s e r - c o m b u s t o r ;  h i g h  annulus-speed-squared ,  f u l l  
t h ree -d imens iona l  d e s i g n  t u r b i n e s  ; c losed - loop  a c t i v e  
c l e a r a n c e  c o n t r o l ;  composi te  i n t e g r a t e d  s t r u c t u r e s ;  s h o r t ,  
s h o c k - f r e e  i n t e g r a t e d  f a n  cowl; a swep t ,  shock- f r ee  f a n ;  and  
h i g h  e f f i c i e n c y  r e d u c t i o n  g e a r .  
When t h i s  t ype  of eng ine  is e v a l u a t e d ,  t h e  p o t e n t i a l  f u e l  
s a v i n g s  i s  15.5 p e r c e n t  I n  c r u i s e  s p e c i f i c  f u e l  consumption 
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o v e r  t h e  EEE. T h i s  t r a n s l a t e s  t o  a 24  p e r c e n t  s a v i n g s  I n  f u e l  
burned f o r  a 3700 km (2000 n a u t i c a l  m i l e )  m i s s i o n  500 
p a s s e n g e r  q u a d j e t .  These bene f i t s  are s p l i t  roughly  e q u a l l y  
between thermal e f f i c i e n c y  improvements and p r o p u l s i v e  
e f f i c i e n c y  improvements. Because of t h e  c o n t r i b u t i o n s  of t h e  
swept  f a n  t o  the e f f i c i e n c y  improvements, some p r e l i m i n a r y  
d e s i g n  s t u d i e s  have been s tar ted u s i n g  EEE f u n d s .  
To pu t  a l l  t h e  EEE and the  f u t u r e  i n t o  one p e r s p e c t i v e ,  
f i g u r e  13 is prov ided .  T h i s  f i g u r e  shows the t r e n d  of 
u n i n s t a l l e d ,  bare s p e c i f i c  f u e l  consumption s t a r t i n g  w i t h  t h e  
JT3 t y p e  t u r b o j e t  as a f u n c t i o n  of year of i n i t i a l  
c e r t i f i c a t i o n .  The n e x t  s p o t  on the c u r v e  is t h e  JT3D/JT8D 
t y p e  e n g i n e s  w i t h  abou t  a 15 p e r c e n t  improvement. The n e x t  
s p o t ,  t h e  f i r s t  JT9D/CF6 type  h i g h  bypass  e n g i n e s ,  a g a i n  made 
a s u b s t a n t i a l  improvement on the  o r d e r  of 19  p e r c e n t  ove r  the  
p r e v i o u s  eng ines .  N e x t  comes t h e  PW2037 w i t h  an improvement 
on t h e  o r d e r  o f  1 2  p e r c e n t  over  t h e  JT9D/CF6. The PW2037 
r e p r e s e n t s  t h e  f i r s t  s i g n i f i c a n t  use  of EEE technology.  
Two s p o t s  f o r  EEE are shown. The h i g h e r  i s  a b o u t  15  
p e r c e n t  below the  JT9D/CF6 s p o t  and r e p r e s e n t s  the  f i n a l  
r e s u l t s  f o r  t h e  EEE FPS engines .  The lower s p o t  r e p r e s e n t s  
a p p l i c a t i o n  of EEE t e c h n o l o g i e s  bu t  w i t h  some r e - o p t i m i z a t i o n  
of t h e  e n g i n e  c o n f i g u r a t i o n  such as the  number of compressor  
and t u r b i n e  s t a g e s .  I t  is about  18  p e r c e n t  below the  JTgD/CF6 
s p o t .  The Turbofan F u t u r e  P o t e n t i a l  s p o t  r e p r e s e n t s  t h e  
r e s u l t s  of t h e  Target Engine s t u d y  j u s t  shown, a g a i n  showing 
t h a t  s u b s t a n t i a l  g a i n s  ere s t i l l  p o s s i b l e .  T h i s  is v e r y  
i m p o r t a n t  because i t  is  n o t  c lear  t h a t  t u r b o p r o p s  w i l l  be 
a v a i l a b l e  i n  the h i g h  t h r u s t  s i z e  normal ly  f i l l e d  by t u r b o f a n s  
d u r i n g  t h i s  time p e r i o d .  
F i n a l l y ,  are two s p o t s  f o r  advanced p ropfan  t y p e  
t u r b o p r o p  s y s t e m s  which i n c l u d e  advanced t echno logy  c o r e s .  
The higher  s p o t  u s e s  an EEE t echno logy  c o r e  and low p r e s s u r e  
t u r b i n e  and t h e  lower s p o t  u s e s  the advanced  Target Engine 
c o r e  and low p r e s s u r e  t u r b i n e  t e c h n o l o g i e s .  Thus even t h e  
propfan  g a i n s  s u b s t a n t i a l l y  from t u r b o f a n  c o r e  technology 
developments .  
C ONC LU S I ON S 
The EEE program was h i g h l y  s u c c e s s f u l  and p r o v i d e s  an 
e x c e l l e n t  technology base f o r  much improved t u r b o f a n  e n g i n e  
f u e l  e f f i c i e n c y .  As a r e s u l t ,  bo th  Genera l  E l e c t r i c  and P r a t t  
& Whitney a r e  r a p i d l y  t r a n s l a t i n g  these t e c h n o l o g i e s  i n t o  
t h e i r  p roduc t s  making the EEE program a g r e a t  s u c c e s s .  
Although no f u n d i n g  has been i d e n t i f i e d ,  a fo l low-on 
t u r b o f a n  r e s e a r c h  program cou ld  o b t a i n  s u b s t a n t i a l  a d d i t i o n a l  
f u e l  s a v i n g s  b e n e f i t s .  
would have d i r e c t  a p p l i c a t i o n  t o  p r o p f a n  t u r b o p r o p  p r o p u l s i o n  
s y s t e m s  p r o v i d i n g  s u b s t a n t i a l  b e n e f i t  t o  them a l s o .  
The c o r e  p o r t i o n  of these t e c h n o l o g i e s  
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Figure 1. - Overview of aircraft energy efficiency program. 
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Figure 9. - EEE experimental engine o n  test stand. 
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